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XyloglucanXyloglucan is a major structural polysaccharide of the primary (growing) cell wall of higher plants. It consists
of a cellulosic backbone (beta-1,4-linked glucosyl residues) that is frequently substituted with side chains.
This report describes Aspergillus nidulans strain A773 recombinant secretion of a dimeric xyloglucan-
speciﬁc endo-β-1,4-glucanohydrolase (XegA) cloned from Aspergillus niveus. The ORF of the A. niveus xegA
gene is comprised of 714 nucleotides, and encodes a 238 amino acid protein with a calculated molecular
weight of 23.5 kDa and isoelectric point of 4.38. The optimal pH and temperature were 6.0 and 60 °C, respec-
tively. XegA generated a xyloglucan-oligosaccharides (XGOs) pattern similar to that observed for cellulases
from family GH12, i.e., demonstrating that its mode of action includes hydrolysis of the glycosidic linkages
between glucosyl residues that are not branched with xylose. In contrast to commercial lichenase, mixed
linkage beta-glucan (lichenan) was not digested by XegA, indicating that the enzyme did not cleave glucan
β-1,3 or β-1,6 bonds. The far-UV CD spectrum of the puriﬁed enzyme indicated a protein rich in β-sheet
structures as expected for GH12 xyloglucanases. Thermal unfolding studies displayed two transitions with
mid-point temperatures of 51.3 °C and 81.3 °C respectively, and dynamic light scattering studies indicated
that the ﬁrst transition involves a change in oligomeric state from a dimeric to a monomeric form. Since
the enzyme is a predominantly a monomer at 60 °C, the enzymatic assays demonstrated that XegA is more
active in its monomeric state.
© 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Plant biomass has always been a major source of energy for mankind
from ancient times, and currently contributes around 10–14% of the
world's energy supply, and is derived from growing plants including
algae, trees and crops [1]. Degradation and conversion of lignocellulosic
biomass are attracting attention because of its potential for the develop-
ment of a sustainable and environmentally friendly bioenergy, bioreﬁning
and biomaterials industry [2].Faculdade de Filosoﬁa, Ciências
nida Bandeirantes 3900, Monte
5 16 36024680; fax: +55 16
eli).
evier OA license.Xyloglucan is the predominant hemicellulose in primary cell walls
of dicots and several monocots, and is a storage polymer in cotyle-
dons of many plants [3]. Like cellulose, this polymer consists of a lin-
ear backbone of β-1,4-glucan linkages, but is distinguished by having
up to 75% of β-D-Glcp (β-D-glucopyranose) residues covalently
linked to α-D-Xylp (α-D-xylopyranose) at the O-6 position [4].
Depending on the source of xyloglucan, some α-D-Xylp residues
may be further linked to β-D-Galp (β-D-galactopyranose) or α-L-
Araf (α-L-arabinofuranose), and some galactose residues may be
extended with α-L-Fucp (α-L-fucopyranose) [4]. Incubation of
xyloglucan with cellulases results in the production of characteristic
oligosaccharides (XGOs) due to the speciﬁc mode of action of the
enzyme combined with the ﬁne structure of the polysaccharide
[3,5]. The ﬁne structure of xyloglucans was ﬁrstly accessed in 1961
by Kooiman, who used microbial cellulose to conclude that
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[6]. The ﬁne structure of several xyloglucans, including the ones
from seeds, was determined by methylation, mass spectra and NMR
throughout the 1980s and 1990s (see [7] and [8] for reviews). Latter
on in 1997, Buckeridge et al. found a xyloglucan with a more
complex structure, whose ﬁne structure was fully determined in
2006 [9,10]. On the basis of these structural determinations, HPAEC-
PAD analyses have been used since then as diagnosis of the presence
and characterization of xyloglucan hydrolyzing enzymes [11,12].
Major cellulose (β-1,4-glucan)-degrading enzymes include cello-
biohydrolase (EC 3.2.1.91), endo-1,4-β-endoglucanase (EG) (EC
3.2.1.4), and β-glucosidase (EC 3.2.1.21). Based on amino acid se-
quence similarity and conserved 3D-structure folds, EGs are grouped
along with other enzymes into 13 glycoside hydrolase (GH) families,
including GH5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 61, 74 and 124 [13], while
xyloglucan-speciﬁc β-(1,4)-glucanases (EC 3.2.1.151) have been
identiﬁed in families GH5, 12, 16, 44, and 74 [14,15]. Whereas the
production of speciﬁc xyloglucan-oligosaccharides has been used to
characterize the structural basis for xyloglucan speciﬁcity of the
GH74 xyloglucanases, similar investigations are lacking for the
GH12 xyloglucanases [16].
There is growing biotechnological interest in xyloglucans and
the enzymes responsible for their modiﬁcation and degradation,
with applications including the production of novel surfactants
from oligoxyloglucans [17], biocomposites by grafting cellulose
surfaces with xyloglucans [18,19], thermally reversible xyloglu-
can gels for drug delivery [20] and applications in the paper in-
dustry [21]. Here it was described the Aspergillus nidulans A773
(pyrG89) recombinant secretion of a xyloglucan-speciﬁc endo-
β-1,4-glucanohydrolase (XegA) cloned from Aspergillus niveus, and
studies of temperature and pH effects on catalytic activity, an
analysis of the hydrolysis products from xyloglucan and a prelimi-
nary structural analysis by circular dichroism and dynamic light
scattering.2. Materials and methods
2.1. Materials
A. nidulans strain A773 (pyrG89;wA3;pyroA4) was purchased from
the Fungal Genetics Stock Center (FGSC, St Louis, MO), and zeocin
(pheomycin) from Invivogen (ant-zn-1). Tamarind xyloglucan (XGt)
and mixed linkage-beta-glucan standards were obtained from Mega-
zyme (Ireland). Xyloglucan from cotyledons of Hymenaea courbaril
was prepared according to [9]. Powdered cotyledons were extracted
in hot water for 6 h at 80 °C and precipitatedwith 3 volumes of ethanol.
The precipitate was resuspended in water and freeze-dried. Typically,
this procedure leads to a powder with more than 95% of xyloglucan.
Lichenase (EC 3.2.1.73) and GH7 endo-glucanase (EC 3.2.1.4) were
also purchased from Megazyme (Ireland), and all other chemicals
from the best source possible (Sigma Aldrich, Megazyme and Fisher
Scientiﬁc).2.2. Microbial strains, plasmids and culture conditions
A. niveus was cultured in deﬁned minimum medium (MM) [22]
supplemented with 1% glucose at 37 °C under static conditions.
A. nidulans was cultured in complete medium (CM) as previously de-
scribed [23]. One Shot® TOP10 chemically competent E. coli (Invitro-
gen) was used to propagate plasmid and to clone puriﬁed polymerase
chain reaction (PCR) products. The PyrG-containing vector pExPYR
[24] was used for the expression of xegA in A. nidulans. XegA amino
acid sequence was submitted to GenBank (Accession number
JN222918).2.3. Cloning of XegA sequence
Genomic DNA was isolated from A. niveus mycelia grown in CM-
glucose. The mycelia were harvested with liquid nitrogen followed
by treatment with 600 μl of genomic extraction solution (10% of
0.5 M EDTA and 1% SDS). The suspension was heated at 68 °C for
10 min, centrifuged at 13,000×g for 5 min and a volume of 40 μl of
5 M potassium acetate was added to the supernatant, mixed by inver-
sion and placed on ice for 10 min. The suspension was centrifuged
again at 13,000×g for 5 min and 2.5 volumes of 95% (v/v) EtOH
were added to the supernatant. The DNA was pelleted and washed
twice in 70% (v/v) EtOH, and the pellet was air dried and stored by
re-suspension in DNAse free water.
The coding sequence for the gene xegAwas ampliﬁed with the po-
lymerase chain reaction (PCR) using Platinum® Pfx DNA polymerase
(Invitrogen) using primers 5′-NNNGCGGCCGCGCCACCCAGTTCTGT-
GACCAATGGGGCTCG-3′ (forward) and 5′-NNNTCTAGATTAGGCGA-
CACTGACAGAGTAGTCGGATAC-3′ (reverse), which included the
restriction sites for NotI and XbaI respectively (indicated in bold).
The following touchdownPCR cycle parameterswere used: denaturation
at 95 °C for 1 min, annealing at 60 °C for 30 s and extension at 68 °C for
3 min, with repetitions of previous cycles lowering the annealing tem-
perature by 2 °C per cycle until an annealing temperature of 52 °C was
reached. Subsequently, 28 cycles of 95 °C for 30 s, 52 °C for 30 s and
68 °C for 3 min were used, followed by a ﬁnal extension at 68 °C for
10 min.
2.4. Secretion and puriﬁcation of XegA
After cloning of the ampliﬁed xegA fragment into pExPYR and con-
ﬁrmation by nucleotide sequencing, the construction was trans-
formed into A. nidulans as described by Tilburn et al. [25]. Positive
transformants were isolated by their ability to grow in the presence
of 100 μg ml−1 of zeocin. Protein expression was carried out in MM
supplemented with 100 μg ml−1 of zeocin and 2% maltose as inducer
at 37 °C under static conditions. XegA production was monitored by
analyzing the culture supernatant by SDS-PAGE, and the hydrolytic
activity against xyloglucan extracted from tamarind (XGt) [26] was
measured by reducing sugar production using the dinitrosalicylic
acid reagent (DNS) [27].
A. nidulans was grown in 1.25 l of MM medium for 72 h at 37 °C
under static conditions. The mycelia were ﬁltered with Whatman
paper no. 1 and the crude extract was dialyzed against water and ly-
ophilized. The lyophilized material was resuspended in 4 ml of
10 mM ammonium acetate buffer pH 7.0 and successive 1 ml aliquots
were applied to a Bio Gel P100 (Bio-Rad) column (44.9×1.2 cm)
equilibrated with the same buffer, and protein was eluted at a ﬂow
rate of 0.8 ml h−1. Fractions with enzymatic activity were concen-
trated by ultra-centrifugation (10 kDa cut off; Amicon — Millipore,
Massachusetts) and analyzed by 12% SDS-PAGE followed by staining
with 0.1% Coomassie Brilliant Blue R-250 (w/v) in methanol/acetic
acid/water (v/v/v) (4:1:5).
2.5. Mass spectrometry
The Coomassie Blue stained protein band corresponding to XegA
was separated by SDS-PAGE, and after extensive washing was sub-
mitted to in situ trypsin gel digestion with 0.5 μg of modiﬁed trypsin
(Promega Corporation, Madison, WI, USA). The tryptic peptides were
extracted and desalted in microTip ﬁlled with POROS R2 (PerSeptive
Biosystems, Foster City, CA) previously equilibrated in 0.2% formic acid
and eluted in 60% methanol and 5% formic acid for mass spectrometry
analysis. The sample was submitted to MS and MS/MS analysis using a
4800 MALDI TOF/TOF Analyzer Mass Spectrometer (Abi Sciex at the In-
stitute Pasteur, Montevideo, Uruguay). The mass spectra of peptides
generated by monoisotopic peptide masses obtained from MALDI-TOF
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(http://www.matrixscience.com/searchformselect.html; Matrix Sci-
ence). The proposed peptide sequences were compared with the non-
redundant databases of ﬁlamentous fungi proteins generated from
data compiled at the NCBI (National Center for Biotechnology Informa-
tion) and the EBI (European Bioinformatics Institute).
2.6. Enzyme characterization
Enzymatic activity was measured colorimetrically using XGt as
substrate and the reducing sugars determined according to the Miller
procedure [27] using xyloglucan oligosaccharides (Megazyme, Ire-
land) as control. The reaction mixture, consisting of 50 μl substrate
(1% w/v) in 50 mM ammonium acetate buffer, pH 6.0 and 50 μl en-
zyme solution, was incubated at 60 °C in a water bath for 5 min. The
reaction was stopped by adding 100 μl of DNS and immediately boiled
for 5 min. The reducing sugars released as result of enzyme activity
were measured at 540 nm after 1 ml water addition and cooling.
One unit of enzymatic activity was deﬁned as the amount of enzyme,
which produced 1 μmol of reducing sugars per minute. To determine
the optimum pH and temperature proﬁles, the enzymatic reaction
was carried out at different pH values in McIlvaine's buffer system
(pH 3.0–9.0) over a temperature range of 40–80 °C. The XegA kinetic
constants were determined using XGt (0.1–10 mg ml−1) as substrate
at pH 6.0 and 60 °C. The protein content wasmeasured by the Bradford
method [28].
2.7. HPAEC-PAD analysis of XegA hydrolysis proﬁle
The hydrolysis proﬁle was carried out using 1 ml of 1% XGt and the
xyloglucan from seeds of H. courbaril (XGhc). XGhc was extracted
according to [9,26]. Both xyloglucans had their ﬁne structures charac-
terized as mentioned in the Introduction. For diagnosis of the
presence of mixed linkage-betaglucan, a standard was purchased
from Megazyme (Ireland). These substrates were incubated with
XegA (2.5U) for 3 h at 37 °C. The oligosaccharides produced were
analyzed by HPAEC-PAD in a CarboPac PA-1 column (Dionex, Sunny-
vale, CA, USA) isocratically in 20 mM NaOH at 0.8 ml min−1 [9]. The
patterns of oligosaccharide separations of XGt and XGhc under
these conditions have been published [9,10] and can be used to
diagnose the presence of xyloglucans in plant extracts.
2.8. CD spectroscopy and thermal denaturation
Far-UVCD spectra of XegAweremeasuredbetween 190 and 250 nm
in 10 mM phosphate buffer, pH 7.0 at 25 °C with a Jasco (Hachioji City,
Tokyo, Japan) J-810 spectropolarimeter using 3-mm-path-length cu-
vette and a protein concentration of 0.1 mgml−1. For each measure-
ment, a total of six spectra were collected, averaged and corrected by
subtraction of a buffer blank and ellipticity was reported as the mean
residue molar ellipticity (θ; deg.cm2.dmol−1). Thermal denaturation
was carried out using a 1 cmpath-length cuvette at a protein concentra-
tion of 0.2 mgml−1 in phosphate buffer at pH 7.0, and measuring the
CD signal change at 214 nm over the temperature range 35–90 °C at 2
degree intervals with a settling time of 60 s. The transition tempera-
tures were estimated from the inﬂection points of the ﬁrst derivative
of the CD signal.
2.9. Dynamic light scattering
DLS measurements were performed on a Dynapro Molecular Sizing
instrument at 20, 60 and 90 °C. The protein samples were previously
centrifuged for 20 min at 20,000×g, and in all conditions samples
were illuminatedwith 1 μmdiameter laser beam and the intensity ﬂuc-
tuations from the scattered light were measured in a 1 cm path length
quartz cell. The data were collected with intervals of 2.5 s with at least100 acquisitions. Analysis was performed using the software Dynamics
V6.3.40.
2.10. Homology molecular modeling and determination of the theoretical
gyration radius
The atomic coordinates of Aspergillus niger endoglucanase (PDB
ID: 1KS5) [29] served as template for generating structural models
of XegA from A. niveus by restraint-based modeling as implemented
in the program MODELLER [30]. To guarantee sufﬁcient conforma-
tional sampling, an ensemble of 50 models was built, from which
the best ﬁnal model was selected based on evaluation of stereo
chemical values from PROCHECK [31], the objective function from
MODELLER (DOPE score) and by visual inspection. The models
were then minimized using the steepest descent minimization
algorithm as implemented in the UCSF chimera software [32].
Incomplete site chains were replaced using Dunbrack rotamer librar-
y [33]. The gyration radius of the monomer and dimer was estimated
using the program CRYSOL [34].
3. Results and discussion
3.1. Expression and secretion of XegA in A. nidulans
The gene encoding xegA was ampliﬁed from A. niveus genomic
DNA using PCR (Fig. 1A) and ligated into the pExPYR vector at NotI
and XbaI restriction sites, which allows protein expression driven by
the glucoamylase promoter and secretion based on the recombinant
native glucoamylase signal peptide sequence. The plasmid was intro-
duced through integrative transformation into the A. nidulans (strain
A773) genome and recombinants selected on MM supplemented
with 100 μg ml−1 zeocin. Selected zeocin resistant integrants were
submitted to induction (maltose), XegA production and secretion an-
alyzed by 12% SDS-PAGE (Fig. 1B).
The ORF of A. niveus xegA gene consisted of 714 nucleotides,
encoding 238 amino acid residues. Using SignalP Server (http://
www.cbs.dtu.dk/service/SignalP), a XegA potential signal peptide
was predicted (from 1 to 18). Thus, the mature protein consists of
220 amino acids with a calculated molecular weight of 23.5 kDa and
isoelectric point of 4.38 (http://www.expasy.ch).
XegA was puriﬁed with a gel ﬁltration step on BioGel P100
(Fig. 1C). The enzyme sequence was aligned across their entire length
by ClustalW [35] showing a high conserved primary structure
(Fig. 1C). MS analysis identiﬁed ﬁve peptides that match with tryptic
peptides of xyloendoglucanase from Aspergillus fumigatus (Table 1). A
MS/MS analysis of tryptic peptides identiﬁed two peptide sequences
showed in bold red in Fig. 1C. These results proved that the puriﬁed
protein is a heterologous xyloendoglucanase and not an endogenous
A. nidulans enzyme. Pfam analysis found that XegA belongs to glyco-
side hydrolase family 12 (residues 68 to 221).
The optimal temperature for XegA catalytic activity against 1%
xyloglucan from tamarind was measured at pH 6.0, with an optimum
at 60 °C. XegA exhibited activity over the pH range 4.0 to 7.5, with an
optimum at pH 6.0 (data not shown).
3.2. Activity of XegA on xyloglucan and mixed linkage betaglucan
XegA was tested for its ability to hydrolyze a variety of substrates
including xyloglucan from tamarind (XGt), microcrystalline cellulose
(Avicel), carboxymethylcellulose (CMC) and 2-hydroxymethylcellulose
(2-OH). XegA was able to hydrolyze only XGt, adding support to the
idea that GH12 enzymes can tolerate the side chains in xyloglucan [36].
Some properties of this enzyme (Table 2) can be compared to some
studied xyloglucanases [37,38].
The ability of XegA to hydrolyze xyloglucan was compared to that
of a commonly used commercially available GH7 endo-β-D-glucanase
Fig. 1. Secretion of XegA inAspergillus nidulans. Panel A. PCR product-encodingaXegA fromA. niveus genomicDNA; L) DNA ladder. Panel B. pEXPYRplasmids carrying xegAwere transformed
into A. nidulansA773 (pyrG89). Transformantswere grownonmedia containing 2%maltose for 2 days and secreted proteins analyzed by SDS-PAGE. Panel C. 12% SDS-PAGE after BioGel P-100
ﬁltration chromatography. The XegAwas sequenced byMALDI-TOF-TOF giving 22% sequence coverage (peptides shown in red). Based on BLAST analysis the XegA sequence showed a high
similarity with GH12 proteins.
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analyzed by HPAEC-PAD the XGOs produced by treatment of XGt
and XGhc with XegA (Fig. 2B and D) (XXXG, XLXG, XXLG and XLLG
for XGt and the XXXXG family of oligosaccharides from XGhc) were
indistinguishable from those generated by the commercially available
endo-β-D-glucanase (Fig. 2A and C). This indicates that XegA, like all
other Trichoderma endoglucanases investigated to date, attacks the
beta-1,4 linkages in xyloglucan backbone and also that the branches
with xylose and galactose appear to interfere with XegA action in
the same way as for cellulases generates XGOs commonly found in
xyloglucans [9]. To date, studies of substrate speciﬁcity of family 5,
6, 7, 9, 12, and 45 endoglucanases have demonstrated that only
Cel12 and Cel7 enzymes show signiﬁcant activity against xyloglucan
from tamarind [39]. Moreover, the most of xyloglucanases (GH5, 7,
12, 16 and 44) act by cleaving xyloglucan after an unsubstituted
glucosyl units [39].Table 1
XegA tryptic peptides identiﬁed by MS analysis.
Peptide Start–enda
K.WSWSGGQGQVK.S 69–79
K.SFANAALQFTPK.K 80–91
K.FNLYLGPNGSMQVYSFVAQSTTNSFSGDMR.D 164–193
K.FNLYLGPNGSMQVYSFVAQSTTNSFSGDMR.D 164–193
K.FNLYLGPNGSMQVYSFVAQSTTNSFSGDMR.D 164–193
a Start and end position on primary amino acids sequence of XegA.
b Peptide molecular weight.It was also observed that mixed linkage betaglucan from barley
was not digested by XegA, which is in contrast to the hydrolysis pro-
ﬁle by the commercial lichenase (Fig. 3). The high speciﬁcity of XegA
for xyloglucan hydrolysis is a useful tool for xyloglucan research.
Biochemical analysis of GH12 xyloglucanases will expand the applica-
tion of these enzymes for compositional characterization of plant
ﬁber and hydrolysis of biomass feedstocks [16,40].
3.3. CD spectroscopy and thermal denaturation analyses
The far-UV CD spectrum of puriﬁed enzyme at pH 7.0 shows a pos-
itive band at 198 nm and a negative band at 214 nm (Fig. 4A), which
is a typical spectral proﬁle observed for proteins that are rich in β-
sheet structures. This result is in agreement with the high β-sheet
content observed in the modeled three-dimensional structure of the
enzyme (Fig. 4C and D), and is consistent with the far-UV CD spectraMrb (observed) Mr (calc)
1219.5969 1218.5782
1294.6947 1293.6717
3318.5725 3317.5122
3334.5544 3333.5071
3350.5591 3349.5020
Table 2
General catalytic properties of XegA against xyloglucan from tamarind compared to other xyloglucanases.
Molecular mass (kDa) GH family Temperature optimum (°C) pH optimum Km (mg ml−1) Vmax (U mg−1) Kcat (s−1) Ref.
XegA 23.5 12 60 6.0 0.85±0.06 43.5±0.63 20.3 This study
XEG 23.6 12 – – 3.6 260 113 [40]
Xeg5A 45.4 5 40–50 7.0 3.61 0.30 – [44]
OREX 90.4 74 42 3.0 – 7.0 – [45]
AnXEG12 – 12 50–60 5.0 0.54 113 49 [38]
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214 and 217 nm [41].
The thermal stability of the XegA at pH 7.0 was assessed by
monitoring the effect of temperatures over the range 35–90 °C on
protein secondary structure as measured by the changes in the
far-UV CD signal at 214 nm (Fig. 4B). A biphasic curve was observed,
and the ﬁrst derivative of the CD signal as a function of temperature
(inset to Fig. 4B) suggested the presence of two transitions with mid-
points of 51.3 and 81.3 °C. Since the enzyme presents an optimum of
60 °C and a rapid decrease in activity above this temperature, the sec-
ond transition probably is due to the denaturation of the enzyme and
is associated with loss of catalytic function. The denaturation tempera-
ture of XegA is higher than the Tm values reported for other GH12 en-
zymes, which range from 45.9 °C (Gliocladium roseum — Cel12C) to
68.6 °C (H. grisea—Cel12A) [41,42]. The structural basis for the high sta-
bility of the XegA could not be predicted, however point mutations ofFig. 2. Analysis by HPAEC PAD of the oligosaccharides released after xyloglucan hydrolysis b
enzyme ml−1 substrate (1%), during 3 h at 37 °C. The hydrolyzes were carried out with xyl
(Panels C and D) [9,10]. The segments of xyloglucan polymer are named based on a one-let
Xylp-(1→6)-β-D-Glcp residue as X, β-D-Galp-(1→2)-α-D-Xylp-(1→6)-β-D-Glcp as L [43conserved amino acids in GH12 homologs increased the Tm of T. reesei
Cell2A from 54.4 °C to 62.1 °C showing that speciﬁc residues may have
key role to protein stability in the GH12 family [42].
The ﬁrst transition observed in the denaturation curve at 51.3 °C
lies below the temperature optimum of the enzyme, suggesting that
a temperature induced structural change occurs that results in a
more active form of the enzyme. This effect may be due to a change
in the quaternary structure of recombinant XegA, and this hypothesis
was evaluated by measurements of the hydrodynamic radius of the
protein.
3.4. Temperature effect on the hydrodynamic radius
The hydrodynamic radius (Rh) of XegA at different temperatures
was measured by Dynamic Light Scattering (DLS), and correlated
with the radius of gyration (Rg) calculated from the XegA structure.y a GH7 endo-β-D-glucanase (Panels A and C) and XegA (Panels B and D) using 2.5 U of
oglucans from tamarind cotyledons (Panels A and B) [6] and from Hymenaea courbaril
ter unambiguous nomenclature system. Unsubstituted D-Glcp is designated as G, α-D-
].
Fig. 3. Analysis by HPAEC PAD of the oligosaccharides released after low-viscosity barley
beta-glucan hydrolysis by a lichenase (EC 3.2.1.73) (Panel A) and XegA (Panel B), using
2.5 U of enzyme/ml substrate (1%), during 3 h at 37 °C. G3–G6: trimer to hexamer series
of glucose oligosaccharides.
Table 3
Hydrodynamic radius of XegA at different temperatures.
Temperature (°C) Rh (nm) Pd (%)
20 3.0 9.4
60 1.7 11.1
90 100–400 81.3
Rh, hydrodynamic radius; Pd, polydispersity.
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hydration shell, is typically smaller than Rh that portrays the apparent
size of dynamic solvated protein. 3-D models of the monomeric and di-
meric forms (Fig. 4C and D) presented gyration radius (Rg) of 1.8 and
2.4 nm, respectively, and are in agreement with experimental Rh values
obtained at 20 and 60 °C. The results of DLS experiments at 20 °C yielded
an Rh value of 3.0 nm (Table 3) indicating that XegA exists as dimer inFig. 4. Panel A. Far-UV CD spectra of puriﬁed XegA. The spectrumwas collected at a protein con
by the CD signal at 214 nm, inset to Panel B shows the ﬁrst derivative of the CD changes (see M
XegA (Panel D) used for estimate of gyration radius by the program CRYSOL. The approximatesolution under this condition. As the temperature is increased to 60 °C,
the Rh value decreased to 1.7 nm suggesting that at optimum tempera-
ture for catalysis XegA ismonomeric. At 90 °C, the Rh value increased sig-
niﬁcantly as the enzyme lost its native molecular conformation to form
extended structures and aggregates. The polydispersivity values (Pd)
also increase at higher temperature, corroborating the suggestion that
at 90 °C the denaturation process results in a heterogeneous mixture of
denatured and aggregated protein.
4. Concluding remarks
In summary, the cloning, heterologous expression, secretion and
characterization of a dimeric xyloglucan-speciﬁc endo-β-1,4-glucanase
from A. niveus have been reported. The A. nidulans expression host
showed a XegA over-secretion to the culture medium facilitating the
puriﬁcation process for further protein characterization. Biochemical
data showed that the enzyme displays speciﬁc xyloglucan activity with
the catalytic domain belonging to the family GH12 and, which shows
high substrate speciﬁcity when compared to a commercially available
enzyme of the same family. The enzyme behaves as a dimer in solutioncentration of 1 mgml−1 in 3 mm path cuvettes. Panel B. Thermal denaturationmeasured
aterials and methods). Lower panels. 3-Dmodels of the monomer (Panel C) and dimer of
d molecular shape is deﬁned by the ellipses.
467A.R.L. Damásio et al. / Biochimica et Biophysica Acta 1824 (2012) 461–467and thermal unfolding studies revealed a temperature-induced dimer-
to-monomer transition. The presence of the quaternary structure was
not previously observed for other characterized GH12 family members
and further work is needed to understand the role of the dimeric form
in the regulation of the catalytic activity of this enzyme.Acknowledgments
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